Telomere shortening is associated with idiopathic pulmonary fibrosis (IPF), a high-morbidity and high-mortality lung disease of unknown etiology. However, the underlying mechanisms remain largely unclear. In this study, wild-type (WT) mice with normal telomeres and generation 3 (G3) or G2 telomerase RNA component (TERC) knockout Terc −/− mice with short telomeres were treated with and without lipopolysaccharide (LPS) or bleomycin by intratracheal injection. We show that under LPS induction, G3 Terc −/− mice develop aggravated pulmonary fibrosis as indicated by significantly increased α-SMA, collagen I and hydroxyproline content. Interestingly, TGF-β/Smads signaling is markedly activated in the lungs of G3 Terc −/− mice, as indicated by markedly elevated levels of phosphorylated Smad3 and TGF-β1, compared with those of WT mice. This TGF-β/Smads signaling activation is significantly increased in the lungs of LPS-treated G3 Terc −/− mice compared with those of LPS-treated WT or untreated G3 Terc −/− mice. A similar pattern of TGF-β/Smads signaling activation and the enhancing role of telomere shortening in pulmonary fibrosis are also confirmed in bleomycin-induced model. Moreover, LPS challenge produced more present cellular senescence, apoptosis and infiltration of innate immune cells, including macrophages and neutrophils in the lungs of G3 Terc −/− mice, compared with WT mice. To our knowledge, this is the first time to report telomere shortening activated TGF-β/Smads signaling in lungs. Our data suggest that telomere shortening cooperated with environment-induced lung injury accelerates the development of pulmonary fibrosis, and telomere shortening confers an inherent enhancing factor to the genesis of IPF through activation of TGF-β/Smads signaling.
INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a devastating progressive lung disease of unknown origin. It is characterized by the deposition of excessive collagen in interstitial spaces between alveoli, which aggressively destroys normal lung architecture and results in severe lung function decline [1] . This disease has a median survival of 2-5 years after diagnosis, and no effective therapies are available to date [2] . IPF usually affects older adults; the disease's incidence is age dependent [3] . Although little is known about its etiology, genetic studies have provided clues to its molecular mechanisms [4] [5] [6] . It has been found that in 19% of patients with familial pulmonary fibrosis (FPF) and 3% of patients with sporadic pulmonary fibrosis (SPF), the pathological gene arose from mutations to telomerase reverse transcriptase (TERT) or telomerase RNA component (TERC), resulting in insufficient or deficient telomerase activities and significantly shortened telomeres [4, [7] [8] [9] [10] . However, the mutation rate does not adequately explain why, in 40% of patients with FPF and 20% of patients with SPF, telomere lengths were significantly shortened. This suggests that mutations occurred in regulation regions of telomerase other than coding regions, or that other gene mutations can also affect telomere length [7, 9, 11] . Until now, the underlying mechanism of how telomere shortening causes IPF has been largely unknown.
TERT and TERC are two essential factors of telomerase, a remarkable enzyme that mainly catalyzes the addition of repetitive DNA to the shortening telomere due to the end replication problem in each cell division [12] [13] [14] . High telomerase activity is usually found in somatic stem cells, germ cells and immortalized cancer cells [15, 16] . In contrast to TERT, which has multiple functions, TERC's sole function may be to control telomere length; thus, TERC knockout mice may supply an effective model in which to learn how telomere shortening leads to IPF [17] [18] [19] . Because mice have longer telomeres than humans, later generations of Terc −/− mice are characterized in both theory and practice by short telomeres [19, 20] . Previous studies on these generations did not find significant automatic pulmonary fibrosis, but alveolar integrity and lung regeneration capacity were affected [21, 22] . This suggests the development of pulmonary fibrosis may require other initial factors such as lung injury created by harmful environmental exposures [21, 22] . However, bleomycin, an agent frequently used to induce pulmonary fibrosis, did not produce exacerbated pulmonary fibrosis in late generations of Terc −/− mice compared with wild-type (WT) mice, as was expected [23] .
Lipopolysaccharide (LPS), derived from the outer membrane of gram-negative bacteria, has been widely used to establish a model of acute lung injury in which inflammatory response was stimulated [24] [25] [26] [27] [28] . Moreover, a number of researchers have used LPS to successfully induce lung fibrosis in both rats and mice [24, 29, 30] . In this study, we applied LPS or low-dose bleomycin in late genereation Terc −/− mice to study the impact of telomere shortening in lung fibrosis.
MATERIALS AND METHODS

Mice
We interbred Terc +/-mice [31] (a gift from Dr. Zhen-yu Ju) of C57BL/6J background to generate first-generation (G1) Terc −/− mice. We then further interbred these G1 Terc −/− mice to produce second-generation (G2) and third-generation (G3) Terc −/− mice. We used C57BL/6J mice as WT controls. Male and female mice (8-12 weeks) weighing 20-25 g were used for the experiments. They were housed in the experimental animal center of Hangzhou Normal University, Xiasha Campus, where food and water were granted freely. The university's Animal Ethics Committee approved all animal experimental protocols.
LPS or bleomycin administration
We prepared the LPS working solution by dissolving LPS powder, L2880 (Sigma-Aldrich, St. Louis, Missouri, USA) in sterile phosphate-buffered saline (PBS). We administered LPS to G3 Terc −/− and WT mice by intratracheal injection at 5 mg/kg body weight and in a volume of 2 μL/g body weight. We prepared the diluted bleomycin working solution in PBS from bleomycin stocking solution, which is prepared by dissolving bleomycin powder, B5507 (Sigma-Aldrich, St. Louis, Missouri, USA) in 0.1 M potassium phosphate. We administered bleomycin to G2 Terc −/− and Terc +/+ mice by intratracheal injection at 0.3 mg per kg body weight and in a volume of 1.8 μL per gram body weight. Control mice received intratracheal injections of sterile PBS in a volume of 2 μL/g body weight for LPS model, or did not receive any solution for bleomycin model. Mouse lung tissues were excised at 7 days post-LPS injection or 14 days post-bleomycin injection for further analyses.
Histological staining and semi-quantitative score analysis We fixed harvested lung tissues in Bouin's fixative for 6-8 h at room temperature, then embedded them in paraffin and cut them into sections of 5 μm thick. Then we stained these sections with Masson's trichrome, using HT-15 Trichrome Stain Kit (Sigma-Aldrich, St. Louis, Missouri, USA) according to the manufacturer's instructions, and with hematoxylin-eosin (H&E) (ZSGB-Bio, Beijing, China). We then scanned the trichrome-stained histological specimens at ×20 magnification and randomly acquired 10 sequential non-overlapping fields under ×200 magnification to perform quantification analysis of fibrosis scores. We evaluated the extent of lung fibrosis as previously described [32] .
Immunohistochemistry (IHC)
We regularly dewaxed, rehydrated, and treated the paraffinembedded lung sections with 3% H 2 O 2 in methanol to block endogenous peroxidase. To retrieve antigens, we microwaved the sections in 10 mM citrate buffer, pH 6.0, for 30 min. After cooling them to room temperature, we added an avidin/blocking solution prepared from Avidin/Biotin Blocking Kit SP-2001 (Vector Laboratories, Burlingame, California, USA) to the sections for 50 min, then incubated them with the following primary antibodies in the aforementioned biotin/blocking solution for 60 min at room temperature:
• Mouse anti-human α-smooth muscle actin (α-SMA), M0851 
Double immunofluorescence staining
We processed the lung cryosections using standard procedures and permeabilized them with 0.5% sodium dodecyl sulfate (SDS) for 15 min at room temperature. After blocking them with 5% normal donkey serum for 1 h, we incubated the samples overnight at 4°C, each with one of the following antibodies: from Molecular Probes, Eugene, Oregon, USA) for 1 h at room temperature. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI), and slides were sealed with the mounting medium to prevent fluorescence from weakening. We obtained immunofluorescence images with a Carl Zeiss upright fluorescence microscope (Carl Zeiss AG, Oberkochen, Germany). We counted the positive cells using NIH ImageJ software, v.1.48u4. Number of stained cells per field under ×20 magnification was expressed as a mean value ± SEM for each mouse lung, based on 4 random images analyzed.
Senescence-associated β-galactosidase (SA-β-gal) staining We performed SA-β-gal staining of the lung tissue with Senescence Cells Histochemical Staining Kit, CS0030 (SigmaAldrich, St. Louis, Missouri, USA) according to the manufacturer's instructions. Briefly, we fixed the lung cryosections in ×1 fixation Results are presented as mean ± SE values based on 4-5 mice per group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 buffer for 6 min at room temperature. After rinsing them with PBS for three times, we incubated the samples with staining mixture at 37°C without CO 2 overnight or longer until the senescence cells were stained blue. On the second day, we adequately rinsed the sections with PBS to remove uncombined crystallization. Slides were counterstained with Nuclear Fast Red, H-3403 (Vector Laboratories, Burlingame, California, USA) for 30 min at room temperature, rinsed well under running water, dried and mounted. We observed the stained slides under a Carl Zeiss regular microscope (Carl Zeiss AG, Oberkochen, Germany). Sections were scanned and images captured with a Pannoramic MIDI II system (3DHISTECH, Budapest, Hungary). We counted the cells expressing β-galactosidase with NIH ImageJ software, v.1.48u4. Number of stained cells per field under ×20 magnification was expressed as a mean value ± SE for each mouse lung, based on 10 random images analyzed.
Sepsis-induced acute lung injury
The procedure of sepsis-induced acute lung injury was followed in the protocol to mild cecal ligation and puncture (CLP) in mice, as described elsewhere previously [33] . Sixteen hours later, we collected mouse lungs to perform real-time quantitative PCR analysis.
Statistical analysis
Results are presented as mean ± SE and are based on the indicated number of mice per group. We assessed statistical significance of differences by two-tailed Student's t test or oneway analysis of variance (ANOVA) using GraphPad Prism v6.0. We considered differences between groups to be significant when P < 0.05, and statistical significance is indicated by P < 0.05, P < 0.01, and P < 0.001.
RESULTS
Both LPS and bleomycin-induced pulmonary fibrosis is significantly increased in telomere shortening mice compared with WT mice To investigate the effect of telomere shortening on LPS-induced lung fibrosis, we administered 1 dose of LPS, 5 mg/kg, to G3 Terc −/− , and WT mice by intratracheal instillation. After 7 days, we performed histology using H&E and Masson's trichrome staining. LPS-treated G3 Terc −/− mouse lungs showed more-severe pulmonary interstitial edema, inflammatory cell infiltration, alveolar wall thickening and blue collagen fiber deposition than did lungs from any of the other 3 experimental groups (Fig. 1a) , indicating the severity of lung injury and tissue fibrosis in LPS-treated G3 Terc −/− mouse lungs. Next, we investigated the degree of lung fibrosis in all 4 groups. We found that fibrosis marker α-SMA was stained in pulmonary vascular smooth-muscle cells (SMCs), bronchial SMCs and myofibroblasts. In the lungs, myofibroblasts are located in the interstitial spaces of alveoli and are regarded as a source of excessive matrix deposition (Fig. 1a) . As expected, LPS induced significant pulmonary fibrosis in WT mouse lungs, as indicated by increased semi-quantitative fibrosis score, quantitative α-SMA and collagen I in IHC-stained areas, and number of myofibroblasts (Fig. 1a-e) . Interestingly and importantly, as demonstrated by the same indicators, LPS-treated G3 Terc −/− mouse lungs showed a significant increase in pulmonary fibrosis compared with LPStreated WT mouse lungs (Fig. 1a-e) , indicating that telomere shortening aggravates LPS-induced pulmonary fibrosis. Moreover, untreated G3 Terc −/− mouse lungs showed significant increases in semi-quantitative fibrosis scores, α-SMA and collagen I in IHCstained areas, and myofibroblasts compared with untreated WT mouse lungs. However, they did not show significant alveolar wall thickening, suggesting that the G3 Terc −/− lungs delveloped limited pulmonary fibrosis automatically.
The significantly increased lung fibrosis marker α-SMA in LPStreated G3 Terc −/− lungs were confirmed by Western immunoblotting analysis (Fig. 2) . Moreover, we measured the lung hydroxyproline content, another fibrosis marker in four groups. As expected, LPS-treated G3 Terc −/− lungs showed a significantly increased amount compared with LPS-treated WT lungs (Fig. 3) , this is agreeing with the above analyses indicating telomere shortening aggravated LPS-induced lung fibrosis.
In order to confirm the enhanced role of telomere shortening in lung fibrosis, we tested the impact of telomere shortening in bleomycin-induced lung fibrosis, a broadly used traditional lung fibrosis model. As expected, we observed that α-SMA and collagen 1a1, 3a1 levels were significantly increased in bleomycin-treated G2 Terc −/− lungs compared with bleomycintreated Terc +/+ lungs (Fig. 4, Supplemental Fig. 1 ), indicating that telomere shortening also aggravated bleomycin-induced lung fibrosis.
Telomere shortening activated TGF-β/Smads signaling, whose activation is significantly increased in LPS or bleomycin-treated telomere shortening mouse lungs In order to understand the underlying mechanism of telomere shortening enhancing LPS-or bleomycin-induced lung fibrosis, we −/− lungs showed a markedly elevated phosphorylated Smad3 levels compared with untreated WT lungs, the latter only revealed a very weak or undectable levels (Fig. 2) . This demonstrated that the telomere shortening activated the TGF-β/Smads signaling. In addition, LPStreated G3 Terc −/− lungs showed a significantly increased phosphorylated Smad3 levels whenever compared with untreated G3 Terc −/− lungs or LPS-treated WT lungs (Fig. 2) , which indicated that TGF-β/Smads signaling activation was significantly increased in LPS-treated G3 Terc −/− lungs. TGF-β1, a ligand of TGF-β/Smads signaling pathway, whose levels were weakly expressed in untreated WT lungs, while they were strongly expressed in untreated G3 Terc −/− lungs and other two LPS-treated groups (Fig. 2) . Moreover, a similar pattern of TGF-β/Smads signaling activation was also observed in the four groups of bleomycin model (Fig. 4) .
Telomere shortening aggravates LPS-induced cellular senescence in the lungs Recent studies have revealed that LPS can also induce cellular senescence in vitro [34] . Cell senescence is a type of cell cycle arrest with functional retrogression. Senescent cells usually express a high level of cyclin-dependent kinase inhibitors, such as p21 and p16 in nuclei, and SA-β-gal in lysosomes in cytoplasm [35] . We evaluated whether telomere shortening or LPS could induce cell senescence in our mouse lungs. Interestingly, we observed that both SA-β-gal-positive stained cells and p21-positive stained cells were significantly increased in LPS-treated WT mouse lungs compared with untreated WT mouse lungs, whereas PCNA-positive stained cells were significantly decreased in LPS-treated WT mouse lungs compared with untreated WT mouse lungs (Fig. 5a-d) . Senescent cells were therefore significantly richer in LPS-treated WT than in untreated WT mouse lungs, indicating that LPS induces significant cellular senescence in normal lung tissues. Similarly, LPS induced significant cellular senescence in G3 Terc −/− mouse lungs (Fig. 5a-d) . However, the cellular senescence is significantly increased in LPS-treated G3 Terc −/− mouse lungs than LPS-treated WT mouse lungs (Fig. 5a-f ), indicating that telomere shortening aggravates cellular senescence induced by LPS in lungs. As expected, we also noticed a significantly increased cellular senescence in untreated G3 Terc −/− mouse lungs than in untreated WT mouse lungs (Fig. 5a-f) , suggesting that telomere shortening triggers significant cellular senescence in lung tissues. Moreover, similar results were also observed in bleomycin-treated model as indicated by PCNA and p21 levels (Fig. 4) .
Under LPS treatment, apoptosis is more-present in telomere shortening mice compared with WT mice To further determine whether telomere shortening would confer genetic susceptibility to LPS treatment, we investigated cell apoptosis in G3 Terc −/− and WT mouse lungs under LPS treatment as measured by cleaved-Caspase-3 immunofluorescence. LPStreated G3 Terc −/− mouse lungs showed a significant increased apoptotic cells than did LPS-treated WT mouse lungs (Fig. 6a, b) , suggesting telomere shortening confers genetic susceptibility to LPS challenge in lung injury. Untreated G3 Terc −/− mice also showed a significant increased apoptotic lung cells than did WT mice (Fig. 6a,  b) , suggesting that telomere shortening triggers cell apoptosis in the lungs. However, the LPS-treated WT mice showed a slightly increased apoptotic lung cells than did WT mice, suggesting only LPS treatment has limited impact on the lung cell apoptosis compared with LPS combined with the genetic deficiency.
Alveolar type II (AT2) cells are stem cells in the alveolar epithelium that help replenish injured epithelial cells [36] . Recent studies have, in fact, suggested that AT2 cells were multipotent adult stem cells in lung tissue [37, 38] . In light of this, we used AT2-specific SPC /cleaved-Caspase-3 double immunofluorescence to monitor AT2 apoptotic rates in mouse lungs from all 4 groups: untreated WT, untreated G3 Terc . LPS-treated G3 Terc −/− mouse lungs showed a significant increased AT2 apoptotic rate than did LPS-treated WT mouse lungs (Fig. 6a, c) . We also noticed that LPS induced a greater increase in AT2 apoptotic rate in G3 Terc −/− lungs than in WT lungs (Fig. 6c) . These results suggest that telomere shortening confers genetic susceptibility to LPS challenge in AT2 cell apoptosis. Moreover, in G3 Terc −/− lungs compared with WT lungs after LPS treatment, cells other than AT2 did not showed a great increase in apoptotic rates (Fig. 6a, d ), which may need more investigation.
Telomere shortening exacerbates LPS-induced inflammatory cell infiltration into the lungs Previous studies have demonstrated that LPS exposure can lead to lung inflammation [39] [40] [41] . The responsible mechanism is the activation of alveolar macrophages, which release chemokines and cytokines, which in turn recruit neutrophils from peripheral blood to injured lung tissues [39, [42] [43] [44] [45] . To evaluate whether telomere shortening could further contribute to innate pulmonary immune reaction induced by LPS, we examined macrophages and neutrophils in our mouse lungs by detecting their specific markers, F4/80 and Ly-6C/6G, respectively, via immunostaining and Western blot. As expected, LPS induced significant increases in both macrophages and neutrophils in WT mouse lungs (Fig. 7a-d) . Interestingly, LPS induced similarly significant increases in such cells in G3 Terc −/− mouse lungs ( Fig. 7a-d) , and, even without treatment, G3 Terc −/− mouse lungs showed significant increases in both macrophages and neutrophils compared with WT mouse lungs. This indicates that telomere shortening can induce lung inflammation. It has been reported that the number of CD11b + and CD34 + immune cells was increased in telomerase-deficient lungs, which may be caused by cell senescence induced by telomere shortening [46] . Moreover, LPS-treated G3 Terc −/− mouse lungs showed significantly more macrophages or neutrophils compared with our other 3 groups (Fig. 7a-d) , indicating that the effect of LPS superimposed on telomere shortening. Taken together, our results suggest that telomere shortening plays an important role in promoting innate immune response and in recruiting inflammatory cells in lung tissue exposed to LPS. Moreover, similar results were also observed in bleomycin-treated model as indicated by neutrophil levels (Fig. 4) . NF-κB activation is significantly increased in LPS-treated telomere shortening mice Activation of NF-κB signaling is associated with nuclear translocation of the p65 subunit [47, 48] . In this study, to investigate whether telomere shortening enhances LPS-mediated NF-κB activation, we subjected the frozen mouse lung sections to IHC to indicate phosphorylated NF-κB p65 protein levels. We observed phosphorylated NF-κB p65 in the nuclei of alveolar cells; stain intensity was the weakest in untreated WT, moderate in untreated G3 Terc −/− or LPS-treated WT, and strongest in LPS-treated G3 Terc −/− mouse lungs (Fig. 8a) . Similarly, quantitative analysis showed that cells stained positive for nuclear translocation of the p65 subunit were most numerous in LPS-treated G3 Terc −/− , in moderate numbers in untreated G3 Terc −/− or LPS-treated WT and fewest in untreated WT mouse lungs (Fig. 8a, b) . These results indicated that NF-κB activation was significantly increased in LPS-treated G3 Terc −/− mouse lungs. Such lungs also showed significantly more cells stained positive for phosphorylated p65 than did LPS-treated WT mouse lungs (Fig. 8a, b) , suggesting that telomere shortening further activates LPS-induced NF-κB activation. Moreover, similar results were also observed in bleomycin-treated model, as indicated by phosphorylated p65 levels (Fig. 4) .
Telomere shortening in sepsis-induced acute lung injury To understand the role of telomere shortening in lung injury other than LPS-induction, we set up sepsis-induced acute lung injury by mild CLP procedure. We observed the cytokine IL-6 level was increased in the lungs of G2 Terc −/− mice compared with those of WT mice. CLP-treated G2 Terc −/− mouse lungs showed an increased IL-6 level compared with those of CLP-treated WT mice, suggesting that telomere shortening can enhance sepsis-induced acute lung injury (Supplemental Fig. 3 ).
DISCUSSION
Although it has been long known that the pathology of a subset of IPF cases is due to telomerase mutations or deliberately induced telomere shortening, the underlying mechanisms of how telomere dysfunction leads to pulmonary fibrosis remain largely unknown. Solving this puzzle would be helpful in developing effective therapeutic strategies for this deadly disease. Meanwhile, in the studies of FPF, it has been demonstrated that some familial members with short telomeres did not suffer from pulmonary fibrosis, suggesting that environment factor play a role in the genesis of IPF [7, 11] We hypothesize that the genetic deficiency with short telomeres combined with environmental factor would e PCNA levels and (f) p21 levels in lungs from all 4 mouse groups by Western blot analysis. Results are presented as mean ± SE values based on 4-5 mice per group. *P < 0.05, ***P < 0.001, ****P < 0.0001 lead to the onset of IPF, and telomere shortening would accelerate pulmonary fibrosis mediated by some unknown tissue niches. In our study, we have applied both LPS and bleomycin to induce pulmonary fibrosis. LPS has been found to successfully induce lung fibrosis in animal models; administering it intratracheally at 10 mg/kg or 20 mg/kg body weight in rats [29, 30] and at 3 mg/kg or 5 mg/kg body weight in mice [24, 27] has induced lung fibrosis. In our own study, we have consistently shown that 5 mg/kg LPS administered intratracheally induces lung fibrosis in both WT and telomere shortening mice, as indicated by significantly increased lung fibrosis scoring, Masson's trichrome stain, myofibroblast differentiation, and depositions of collagen I from pathological analysis, as well as by significantly increased lung hydroxyproline content and α-SMA from biochemical analysis. The significantly higher degree of lung fibrosis in LPS-treated telomere shortening mice than in LPS-treated WT mice indicates that telomere shortening enhances or aggravates lung fibrosis induced by LPS and suggests that telomere shortening confers an inherent promoting factor to pulmonary fibrosis. In addition, we have confirmed the enhancing role of telomere shortening in pulmonary fibrosis in bleomycin-induced pulmonary fibrosis with low dose of 0.3 mg/kg. Bleomycin is a widely used agent to induce pulmonary fibrosis, and that the reason another laboratory previously did not observe the enhancing effect of telomere shortening in bleomycin-induced pulmonary fibrosis may be due to the usage of a high dose of bleomycin [23] . Consistently, it has been shown recently that short telomeres accelerate the pulmonary fibrosis induced by bleomycin with low dose of 0.5 mg/kg [49] . Moreover, we have shown that telomere shortening mice automatically develop limited pulmonary fibrosis, as demonstrated by significant increases in the number of myofibroblasts, α-SMA level and in the deposition of collagen I, but the lack of such a remarkable increase in histopathological score or alveolar thickness suggests that telomere shortening may have already triggered some mediators to promote genesis of pulmonary fibrosis.
Interestingly, in our study, we have shown that telomere shortening activates TGF-β/Smads signaling in lungs as indicated by markedly increased levels of phosphoralated Smad3 and TGF-β1. TGF-β/Smads signaling has multiple functions in different physiological processes including, but not limited to morphogenesis, adult stem cell differentiation, immune regulation,wound healing and inflammation [50, 51] . Once activated, the ligand such as TGF-β1 binds to its receptors in cellular membrane, then Smad2 and Smad3 located in cytoplasm are both phosphorylated, and translocated with Smad4 into nuclei. Over there, phosphorylated represented as mean ± SE values based on 4-5 mice per group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
Smad2 and Smad3 forms a complex with Smad4, sometime also with other transcription factors, activating transcription of target genes in the downstream of TGF-β/Smads signaling pathway. Therefore, elevated phosphorylated Smad2/3 level is regarded as the activation of TGF-β/Smads signaling pathway. TGF-β/Smads signaling has been demonstrated to contribute to tissue fibrosis process, including kidney fibrosis and lung fibrosis [52] [53] [54] [55] . Moreover, TGF-β1 has shown a function in promoting cellular differentiation from fibroblast to myofibroblast, the latter is regarded as the 'prime criminal' of lung fibrosis [56] . Thus, our data suggest telomere shortening enhance LPS or bleomycininduced lung fibrosis through increased TGF-β/Smads signaling activity. Further, this can also explain why telomere shortening mice developed limited lung fibrosis automatically. The activation of TGF-β/Smads in the lungs of telomere shortening mice may be due to the significantly elevated TGF-β1 levels in these lungs as we observed. However, where does the TGF-β1 come from or what is the detailed mechanism of TGF-β/Smads activation in the lungs of telomere shortening mice, these questions may need further investigation.
LPS is a chemical widely used to induce lung injury, which usually includes destruction of lung integrity, stimulation of inflammatory response and triggering of cell apoptosis [57] [58] [59] . In our study, we have shown that LPS-treated telomere shortening mouse lungs have a significant increased apoptotic cells than do LPS-treated WT mouse lungs, suggesting that telomere shortening confers genetic susceptibility to LPS challenge in lung injury. The finding that untreated G3 Terc −/− mice have significantly increased apoptotic lung cells than do WT mice suggests that telomere shortening triggers cell apoptosis in the lungs. In lung parenchyma, alveolar epithelia consist of alveolar type I (AT1) cells and AT2 cells; the latter act as stem cells to repair epithelial injuries [36] . Recent studies indicate that AT2 cells are adult stem cells in the lung [37, 38] . Further, we have shown that LPS-treated G3 Terc −/− mouse lungs have a significant increased AT2 apoptotic rate than do LPS-treated WT mouse lungs, suggesting that telomere shortening confers genetic susceptibility to LPS challenge in AT2 cell apoptosis, and stem cells in LPS-treated G3 Terc −/− lungs are significantly compromised. This in turn likely leads to poor capacity for repairing significant increased lung injuries in this group, and contributes the abnormal repairing leading to pulmonary fibrosis.
In our study we have shown that telomere shortening increases LPS-induced cellular senescence in the lungs, which suggests that telomere shortening mice are more susceptible to LPS exposure to generate lung cellular senescence. Previous studies have employed intratracheal LPS instillation to establish animal models of acute lung injury [24] [25] [26] [27] [28] . Through toll-like receptor 4 (TLR4) and subsequent NF-κB signaling activation, the release of cytokines and chemokines may recruit inflammatory cells such as neutrophils and macrophages to initiate the inflammation process [60, 61] . Meanwhile, the release of matrix metallopeptidase and reactive oxygen species (ROS) from inflammatory cells may contribute to the degradation of lung architecture, amplifying inflammation and triggering cell apoptosis [57] [58] [59] . Furthermore, recent studies have indicated that LPS induces cellular senescence in vitro may be via hydrogen peroxide production [34] . Cellular senescence is a state of cell cycle arrest that can be induced by Results are presented as mean ± SE values based on 4-5 mice per group. *P < 0.05, **P < 0.01, ****P < 0.0001 telomere shortening, DNA damage, stress and developmental signals [62, 63] . Senescent cells may lose their proliferation capacity that stem cells always possess [64] . We have consistently shown that high numbers of inflammatory cells such as neutrophils and macrophages occur in LPS-treated lungs. Moreover, the finding that telomere shortening enhances LPS-induced cellular senescence in the lungs suggests that lung cells in LPStreated G3 Terc −/− lungs are significantly compromised, whose cells may include lung stem cells, which play a role in repairing lung injuries. Moreover, recent studies indicate that senescent cells may be detrimental to organs, and removing of senescent cells in mice lead to tissue rejuvenation [65] [66] [67] . Our observation that LPS-treated G3 Terc −/− lungs show more-severe cellular senescence than do lungs from any of the other 3 experimental groups may suggest that telomere shortening combined with LPS treatment can trigger the significant loss of lung function.
In this study, we showed that significant inflammatory cell infiltration and NF-κB signaling activation are presented in both LPS-and bleomycin-induced models of pulmonary fibrosis. This finding suggests that inflammation is associated with lung injury or pulmonary fibrosis. Because inflammatory cells were detected in the lungs of patients with IPF, the earliest hypothesis was that inflammation triggered the onset of IPF, but anti-inflammation therapy has subsequently been shown to have little benefit [53, 68] . Thus, the role of inflammation in pulmonary fibrosis is controversial. One study found that lung murine herpesvirus 68 (MHV68) infection produced progressive pulmonary fibrosis in interferon-γ receptor (IFN-γR) −/− mice [69] [70] [71] . Additionally, a genetic study on a Finnish cohort of familial pulmonary fibrosis identified the pathological gene ELMOD2, whose encoded protein has anti-viral functions [72, 73] . Recent research has posited that pulmonary fibrosis occurs in a two-step process, in which inflammation causes lung injury, then tissue fibrosis develops [74] . We have shown that telomere shortening induces cellular senescence and exacerbates LPS-induced cellular senescence in lungs. It is likely that the cellular senescence contributes to lung inflammatory cell infiltration because senescent cells may secrete bioactive proinflammatory proteins called senescence-associated secretory phenotypes (SASPs) [35, 75] . Interestingly, a recent study indicates that inflammation induces telomere dysfunction and accelerates aging in mice, which suggests that the interaction between inflammation and cell senescence creates a vicious circle for the lungs [76] . Moreover, we have shown that telomere shortening mouse lungs have increased NF-κB signaling; this signaling pathway is well known for its involvement in immunity and inflammatory responses. Previous findings have also indicated that NF-κB activities increased in aging and aging-related chronic diseases and that inhibiting NF-κB delayed cellular senescence and aging in progeroid mice and normal mice, respectively, which suggests that the mechanism by which DNA damage causes aging is partly through NF-κB activation [77] . Since we observe that telomere shortening leads to a remarkable increase in both cellular senescence and NF-κB activity in the lungs, it is possible that telomere shortening can induce cellular senescence partly through NF-κB signaling as well as through the well-known p53-p21 pathway.
In summary, we have shown that telomere shortening activated TGF-β/Smads signaling, this activation is significantly increased in the lungs of LPS-or bleomycin-treated telomere shortening mice. In addition, we have shown that telomere shortening aggravated LPS-or bleomycin-induced pulmonary fibrosis. This tissue fibrosis is accompanied with significant increases of cellular senescence, apoptosis, inflammatory cell infiltration and NF-κB activity. Our data suggest telomere shortening cooperated with harmful environmental exposure accelerates the development of pulmonary fibrosis mainly through creating a pro-fibrosis niche as increased TGF-β/Smads signaling in lungs.
